The pattern of development of the serotonergic nervous system is described from the larvae of ctenophores, platyhelminths, nemerteans, entoprocts, ectoprocts (bryozoans), molluscs, polychaetes, brachiopods, phoronids, echinoderms, enteropneusts and lampreys. The larval brain (apical ganglion) of spiralian protostomes (except nermerteans) generally has three serotonergic neurons and the lateral pair always innervates the ciliary band of the prototroch. In contrast, brachiopods, phoronids, echinoderms and enteropneusts have numerous serotonergic neurons in the apical ganglion from which the ciliary band is innervated. This pattern of development is much like the pattern seen in lamprey embryos and larvae, which leads the author to conclude that the serotonergic raphe system found in vertebrates originated in the larval brain of deuterostome invertebrates. Further, the neural tube of chordates appears to be derived, at least in part, from the ciliary band of deuterostome invertebrate larvae. The evidence shows no sign of a shift in the dorsal^ventral orientation within the line leading to the chordates.
INTRODUCTION
Serotonin is an ancient neurotransmitter found throughout the animal kingdom, indicating an early origin of a nervous system using this neurotransmitter. More speci¢-cally, it suggests that the basic organization of the central part of the vertebrate serotonergic nervous system may already have been established in the line of invertebrate ancestors leading up to vertebrates. The serotonergic neurons in the vertebrate brain are located exclusively in the raphe system, giving rise to both ascending and descending projections, and serotonin is involved in several basal brain functions including the control of sleep, circadian rhythms, feeding and emotional state (Wilkinson & Dourish 1991) . In some invertebrates (bivalves) serotonin is involved in the regulation of ciliary activity in the ciliary bands, where it acts to increase the frequency of the ciliary beat (Aiello 1974; Murakami 1983 Murakami , 1987 Paparo 1986 ). Several authors have proposed theories about the origin of the vertebrate central nervous system (see the review in Lacalli et al. (1994) ). The theory of Garstang (1894) is the most relevant one in relation to the evolution of the serotonergic part of the central nervous system. He proposed that the ciliary bands found in echinoderm and enteropneust larvae have been transformed during evolution into the neural tube of vertebrates. Later studies on the neural tube in the cephalochordate amphioxus revealed anatomical and genetic markers which have apparent homologues in both the ciliary bands of non-chordate deuterostomes and in the vertebrate brain (Holland et al. 1992; Lacalli et al. 1994) . According to Nelson (1978) and Bonde (1984) , the early embryonic stages in chordates and invertebrates should show the plesiomorphic (primitive) state of a character compared with the apomorphic state appearing later in development. Thus, observations on early free-swimming larval stages in di¡erent animal phyla should allow the evolution of the serotonergic nervous system to be followed. In addition, it should be possible to test the hypothesis of Garstang (1894) that ciliary bands have been transformed into the neural tube since serotonergic neurons must then be associated in some way with the ciliary bands.
Invertebrate larvae fall into three rather distinct larval categories: the planula larvae, the trochophore larvae of typical spiralian protostomes and the dipleurula type of some of the non-spiralian invertebrates (deuterostomes) (for a description and literature see Korschelt (1936) and for a review see Nielsen (1995) ). Consensus holds that the metazoan phyla can be grouped into more or less natural groups (the diploblastic sponges placozoa, cnidarians and ctenophores and the triploblastic, non-spiralian and spiralian invertebrates and chordates) and that the chordates had their origin within one of the non-spiralian invertebrates. Furthermore, a shift in the orientation of the dorsal^ventral axis is thought to have occurred in the branch leading to the chordates (Arendt & Nu« bler-Jung 1999) . On the basis of the genomic organization of the Hox gene cluster, including several protostome and deuterostome groups, De concluded that the brachiopods belong to the spiralian phyla, in accordance with the conclusions generally drawn from 18S rDNA sequences (Halanych et al. 1995; Cohen et al. 1998) . However, the molecular, phylogenetic evidence from 18S rDNA sequences is equivocal and it certainly does not give any conclusive answers about the protostome^deuter-ostome relationship (Phillipe et al. 1994; Zrzavy et al. 1998; Adoutte et al. 1999) . In the present study, the larvae (i.e. the hatching stage) of ctenophores, £atworms, nemerteans, ectoprocts (bryozoans), entoprocts, annelids, molluscs, phoronids, brachiopods, echinoderms and enteropneusts and pre-hatching embryos and larvae of lampreys were analysed for serotonin immunoreactivity. The pattern of development and structure of the central serotonergic nervous system has been used to compare that speci¢c part of the nervous system throughout the animal kingdom. 
MATERIAL AND METHODS

(a) Larvae and embryos
Bolinopsis infundibulum (Ctenophora), Stylostomum sanjuana (Platyhelminthes), Membranipora sp. (Ectoprocta), Owenia fusiformis (Polychaeta), Phoronis vancouverensis (Phoronida), Parastichopus californicus (Holothuroidea), Pisaster ochraceus (Asteroidea), Ophiopholis aculeata (Ophiuroidea), Dendraster excentricus (Echinoidea) and Florometra serratissima (Crinoidea) were collected at Friday Harbor Laboratories (WA, USA). Glottidia sp. (Brachiopoda) and unknown tornaria larvae (Enteropneusta) were collected at the Smithsonian Marine Station, Fort Pierce (FL, USA). Pilidium larvae (Nemertini), Loxosoma pectinaricola (Entoprocta), Polygordius lacteus (Polychaeta) and Phoronis muelleri (Phoronida) were collected at Kristineberg Marine Biological Station (Sweden). Philine aperta (Gastropoda) was collected from Elsinore (Denmark) and Lampetra £uviatilis (Cyclostomata) from Ringkoebing Fjord (Denmark).
Larvae and embryos were ¢xed in 4% paraformaldehyde in 0.2 M Millonig's phosphate bu¡er, pHˆ7.6 (0.2 M NaH 2 PO 4 and 0.15 M NaOH) with 0.28 M NaCl at 4 8 C for 1^24 h, rinsed twice in 0.2 M Millonig's bu¡er, pHˆ7.6, and transferred to phosphate bu¡ered saline (PBS), pHˆ7.4, with 0.1% Triton X-100 (PBST) and 0.1% sodium azide for storage.
(b) Immunohistochemistry
One or more species were used for each phylum and, in each case, several stages and specimens (ten to more than 100) were examined. Processing of the specimens for immunohistochemistry was done in accordance with Hay-Schmidt (1995) . All antibodies were diluted in PBSTwith either 2% human serum albumin or 51 0% serum from an appropriate species (goat or swine). All washings were done in PBST. The primary antibody was rabbit antiserotonin (Incstar, Stillwater, MN, USA) diluted 1:500^1:4000. The secondary antibody was either conjugated goat anti-rabbit (FITC or TRITC) (Sigma) diluted 1:50 or biotinylated goat antirabbit (Zymed) diluted 1:500. Embryos which had had biotinylated secondary antibody were incubated in streptavidinTexas red (Amersham, UK) diluted 1:50 or streptavidin biotin horseradish peroxidase complex (Vector Elite, Burlingame, CA, USA) diluted 1:100, followed by the enzymatic peroxidase reaction using diaminobenzidine as a chromogen. As a control for speci¢city the rabbit anti-serotonin antibody was pre-absorbed with serotonin conjugated to bovine serum albumin before use as primary antibody and no staining was observed. In addition, the speci¢city of this antibody was tested on rat brain sections and immunoreactivity was observed in the perikarya of the mesencephalic raphe system, whereas no staining was observed in catecholaminergic perikarya (including the hypothalamus, substantia nigra and locus coeruleus). Omission of the primary antibody did not produce any immunoreactivity. Although double immunostaining Holland & Holland (1993) , the amphibian from Van Mier et al. (1986) and the mammal from Wallace & Lauder (1983) .
was not performed for the larvae used in this study, the serotonergic neurons in several species do not appear to co-localize with either catecholamines or the neuropeptide FMRFamide, since the reactive cell bodies and processes for these di¡erent transmitters are not situated in the same place (Hay-Schmidt 1990a^c, 1992 , 1995 .
RESULTS
(a) Descriptions
The serotonergic part of the central nervous system (CNS) in larvae of the following phyla was investigated. For a more detailed description of individual larval types see Korschelt (1936) . The present data show that a serotonergic nervous system is found in the larvae of almost all animal groups.
The cnidarians have a planula larva with a nervous system composed of scattered serotonin-immunoreactive cells located in the epidermis (McCauley 1997) forming a nerve net. In contrast, no sign of immunoreactive serotonergic neurons was observed in the comb-jelly cydippid larva of B. infundibulum.
(ii) Plathyhelminths
The ultrastructure of the nervous system of a Mu« ller's larva was described by Lacalli (1983) and includes an apical ganglion and a set of lateral nerves. The apical ganglion in Mu« ller's larva of S. sanjuana houses a pair of serotonergic cell bodies from which an axon extends laterally towards the posterior end where they join a ring of serotonergic processes coming from six serotonergic cell bodies (one for each lateral lobe). Projections from the serotonergic neurons enter the ciliary band (¢gures 1a,b and 2).
(iii) Nemertini Lacalli & West (1985) and Hay-Schmidt (1990a) described the nervous system of pilidium larvae and juveniles. The pilidium larva does not have a typical apical ganglion, although an apical ciliary tuft (mechanosensory organ) is present. Several serotonin-immunoreactive bipolar cells are found scattered along the ciliary band and their axons extend into the ciliary band nerve (¢gure 2). In addition, several multipolar serotoninimmunoreactive cells are located in the epidermis of the oral hood.
(iv) Entoprocta Nielsen (1971) described the nervous system of entoproct trochophores in some detail. The entoproct trochophore has an apical ganglion with one medial and a lateral pair of serotonergic perikarya and a weak serotonin-immunoreactive neuropile. An ipsilateral axon projects towards the ciliary band of the prototroch from each lateral neuron (¢gures 1c and 2). No serotoninimmunoreactive cell bodies are found along the ciliary band.
A free-swimming planktotrophic cyphonautes larva is found in a few ectoprocts; this larval type neither resembles a spiralian trochophore larva nor any other described larval type. The apical ganglion contains two serotonergic cell bodies each projecting a huge ipsilateral axon (the lateral nerve) towards the anterior side of the locomotory ciliary band (the corona). These axons continue all the way round the corona and innervate it (¢gures 1d,e and 2). A second pair of serotonergic cells is located on each side of the pyriform organ and an axon projects from each of these into the lateral nerve. There is no serotonergic innervation of the ciliated ridge, which is the feeding structure.
(
vi) Mollusca
The apical ganglion of the trochophore (veliger) larva of the opistobranch gastropod P. aperta contains a median and a lateral pair of serotonergic neurons. An axon extends from the lateral pair on each side towards and into the prototroch (¢gure 2). No serotonin-immunoreactive cell bodies are located in the prototroch or elsewhere in the larvae at this early stage. These ¢ndings are in accordance with what has been described in other molluscan veliger larvae. At ¢rst the apical ganglion has either only the lateral pair, as seen in Heliosoma (Diefenbach et al. 1995) , or three serotonergic cell bodies with an axon projecting from the lateral pair into the prototroch (Marois & Croll 1992; Kempf et al. 1997 ).
(vii) Annelida
This group comprises the vast majority of the segmented worms and is here represented by two polychaetes: P. lacteus and O. fusiformis. The apical ganglion of the trochophore of P. lacteus has a median and a lateral pair of serotonergic neurons (¢gure 2). Axons from the lateral cells project laterally across the episphere to (and along) the prototroch and further caudo-ventrally into what later becomes the suboesophageal ganglion and ventral nerve cord. A single pair of serotonin-immunoreactive cell bodies is observed within the ventral ganglion at this stage. No serotonin-immunoreactive cell bodies were found along any of the ciliary bands including the protrotroch (Hay-Schmidt 1995) . In contrast to`typical' spiralian trochophores, which have a prototroch made of compound multiciliary cells, Owenia larvae have a prototroch composed of monociliated cells. In this respect, the ciliary band of Owenia larvae super¢cially resembles that found in phoronid, brachiopod, echinoderm and enteropneust larvae. Owenia fusiformis was chosen for this study because it is a true polychaete (D. Eibye-Jacobsen, personal communication), although both the adult and larva (called a mitraria larva) (see Wilson (1932) for a detailed description of this larva) are unique among polychaetes for having only monociliated cells. The apical ganglion is without any serotonergic neurons and there is no serotonergic innervation of the prototroch at any larval stage. The only serotonergic cell bodies seen in the early larva are the pair belonging to the suboesophageal ganglion (¢gure 1f ). An axon extends dorsally from each of these neurons around the oesophagus below the apical ganglion. These continue towards the opposite neuron and extend further anteriorly towards the mouth. The juvenile worm, which later develops inside the episphere of the mitraria, possesses a cerebral ganglion containing several serotonergic cell bodies.
(viii) Phoronida and Brachiopoda
Actinotroch larvae of P. vancouverensis and P. muelleri and larvae of the inarticulate brachiopod Glottidia sp. have an apical ganglion with numerous serotonergic neurons. Two descending serotonergic tracts arise from these and project into the ciliary band (¢gures 1g,h and 2). No serotonergic cell bodies were found along the ciliary band. In later stages, the brachiopod larvae develop a large cluster of serotonergic cell bodies ventral to the oesophagus, which innervates the muscles of the lophophore (HaySchmidt 1990b (HaySchmidt ,c, 1992 .
The echinoderms consist of ¢ve separate classes, of which at least four have planktotrophic larvae of the dipleurula type. The larvae have a ciliary band which in the early stages more or less circumscribes the embryo dividing it into a ventral/oral ¢eld and a dorsal/aboral ¢eld. An inconspicuous apical ganglion is present in P. californicus, P. ochraceus, O. aculeata and D. excentricus and serotonergic neurons are observed in either one large cluster or a paired cluster located close to the anteriord orsal part of the ciliary band (¢gures 1i and 2). In earlystage larvae these serotonergic perikarya send their axons into the antero-dorsal part of the ciliary band. Axon growth cones are seen to continue caudally from these, but they do not reach the posterior^ventral part of the ciliary band (¢gure 4). In a later-stage embryo axons continue all the way around the band. The present observations are in accordance with what was reported by Bisgrove & Burke (1986) and Nakajima (1988) . No other serotonergic perikarya were observed along the ciliary band. In larvae of F. serratissima, it was impossible to demonstrate speci¢c immunoreactivity in either the apical ganglion or along the ciliary bands because of background staining/£uorescence from the compact body.
(x) Enteropneusts
The tornaria larva of the enteropneusts has wellde¢ned ciliary bands. In the apical ganglion numerous serotonin-immunoreactive perikarya are found grouped into lateral clusters (¢gures 1j and 2). Axons extend from the cells into and along the ciliary band throughout its length. No serotonergic perikarya were observed along the ciliary band.
(xi) Chordates
In the cephalochordates, the larval serotonergic system consists of a paired cluster of cells in the neural tube caudal to the`cerebral vesicle' and serotonergic axons extend caudally from this cluster in the neural tube (Holland & Holland 1993) . No serotonergic cell bodies are described from the caudal part of the larval neural tube. I have found no reports on the larval serotonergic nervous system in urochordates. Lampreys have an early pre-hatching embryo (the pre-ammocetes stages) followed by a free-living larval stage (the ammocetes) which super¢cially resembles the larvae of amphioxus. Both the embryo and larva of L. £uviatilis have a single cluster of serotonin-immunoreactive perikarya on each side in the neural tube at the level of the otic placode (¢gures 1k and 2). Axons extend caudally from these neurons on each side of the neural tube, almost reaching the posterior end depending on the larval stage. In later stages a new group of serotonergic perikarya was observed anterior to the otic placode. Ascending serotonergic axons from both groups were observed in the brain. Serotonergic perikarya were never observed caudal of the posterior (¢rst) serotonergic cell group in the early larval stages. Serotonergic cell bodies were not found more caudal in the neural tube in early-stage larvae. The embryonic serotonergic nervous system consists of one (or two) clusters of cell bodies located at the level of the otic placode, with a caudal projection into the spinal cord from the posterior cluster in the embryos and/or larvae of teleosts (Ekstro« m et al. 1985) , amphibians (Van Mier et al. 1986 ), reptiles (Wallace 1985) and mammals (Wallace & Lauder 1983) .
DISCUSSION (a) Comparison of the embryonic serotonergic nervous systems found in di¡erent phyla
The present data show that a serotonergic nervous system is found in the embryos and/or larvae of almost all animal groups and it is suggested that the serotonergic part of larval nervous systems can be divided into the following types (see also ¢gure 2).
Type 1 is found in cnidarian planula larvae and is formed as a nerve net (reticulum) with the serotonergic cell bodies scattered throughout the epidermis and is without any obvious centralization as seen in the following types.
The next three types (types 2^4) are mostly found in spiralian phyla.
Type 2 is only found in the pilidium larvae of nemerteans; it does not obviously fall into any of the other groups. It is interpreted as being more centralized than type 1 due to the concentration of the serotonergic cell bodies along the nerves supplying the ciliary band. During metamorphosis, none of the serotonergic neurons along the ciliary band are incorporated into the juvenile nervous system. Instead, the adult serotonergic nervous system develops directly within an endo-larva (i.e. a larva within the pilidium larva) which transforms into the juvenile worm (Hay-Schmidt 1990a) . It is di¤cult to judge whether the absence of an apical ganglion is primary or represents a secondary loss and, thus, whether the type 2 is a larva nemertean specialization or represents a morphoclade between type 1 and the next two types.
Type 3 is found in the Mu« ller's larva of £atworms; the presence of two serotonergic cell bodies in the apical ganglion is regarded as a synapomorphic characteristic shared with those larvae having the type 4 nervous system. However, type 3 di¡ers from type 4 in having a serotonergic cell body for each lateral lobe supplying the ciliary band of that lobe. The presence of an apical ganglion with two lateral serotonergic cell bodies suggests a close relation between £atworms and other spiralian protostomes, but there are con£icting hypotheses concerning the a¤nity of these groups (Field et al. 1988; Adoutte et al. 1999) .
Type 4 is found in the trochophore larvae of various spiralian protostome phyla (entoprocts, molluscs and annelids) and in the cyphonautes larva of ectoprocts and appears very conserved. It is characterized by having an apical ganglion with few serotonergic cells of which at least the lateral pair sends a serotonergic projection laterally The evolution of the serotonergic nervous system A. Hay-Schmidt 1075 into the prototroch, which itself has no serotonergic cell bodies. The ¢xed number of cells, their order of appearance and their pattern of innervation in the prototroch do indicate a close relationship. Except for the ectoprocts, all the protostomes that have the type 4 system also have a ciliary band which functions as a downstream collecting system (Nielsen 1995) .
Type 5, which is found in phoronids, brachiopods (which are sometimes classi¢ed as protostomes), echinoderms and enteropneusts also seems very conserved and could indicate a common origin.This type is characterized by having numerous serotonergic cell bodies in the apical ganglion and by a huge serotonergic tract projecting caudally from the apical ganglion into the ciliary band.
Type 6 is found in all chordates, consistent with a common origin of all members of this group. In this type the early embryonic and/or larval part of the serotonergic nervous system consists of a group of serotonergic cell bodies (the future raphe system) located at the level of the otic placode and their caudal projections into the neural tube. That the chordate line must have had a nonchordate deuterostome invertebrate ancestor is beyond doubt (Holland et al. 1991) and, therefore, chordates must have inherited their nervous system in some form from their common ancestor with echinoderms and/or hemichordates. Despite the lack of a tripartite division of the coelomic structure in chordate embryos and larvae, the most parsimonious hypothesis regarding the ¢rst formed part of the serotonergic nervous system is that it evolved from a type with numerous serotonergic cell bodies located on each side of the midline with descending projections as seen in type 5. Recent studies of the amphioxus larva (Holland et al. 1992; Lacalli et al. 1994 ) indicate a very long hindbrain. The serotonergic cell bodies in amphioxus could be homologous with those in higher vertebrates and with those in the ciliary band of non-chordate deuterostomes. The present study on the lamprey embryo and larva tends to support this interpretation.
(b) Con£ict between 18S rDNA and anatomical data?
The conclusions drawn from 18S rDNA analyses (Mackey et al. 1996; Cohen et al. 1998) , which indicate that phoronids, brachiopods and ectoprocts all cluster within the spiralian invertebrates, is not unambiguously con¢rmed by this study. Based on structures within the larval nervous system the ectoprocts are found to have synapomorphies with those of mollusc, entoproct and polychaete trochophores, which accords with the molecular data. However, there are other signi¢cant di¡er-ences between phoronids, brachiopods and the spiralian protostome phyla based on the structure of the larval serotonergic nervous system. The type 5 system de¢nes a pattern which obviously groups the phoronids and brachiopods with the deuterostomes and is thus just one more character where anatomical data di¡er from 18S rDNA sequence data (Nielsen 1995; Cohen et al. 1998) . Recently, Zrzavy et al. (1998) concluded that the a¤lia-tion of the brachiopods and phoronids to the spiralian phyla based on rDNA sequences is an out-group artefact and may not re£ect a real relationship. The present data are more consistent with the idea that two major groups of animals, typical protostomes (£atworms, nemerteans, entoprocts, ectoprocts, molluscs and annelids) and deuterostomes (phoronids, brachiopods, echinoderms, hemichordates and chordates), separated very early in the evolution of the bilaterians (a ¢rst split). Shortly thereafter, the phoronids and brachiopods separated from the deuterostomes sensu stricto (a second split) making this separation unquali¢ed for 18S rDNA analysis (Phillipe et al. 1994) .
(c) Con£ict between genetic and anatomical evidence?
As shown in this study, the central serotonergic axons occupy a dorsal (aboral) position relative to the digestive tract and oral ¢eld (mouth) in the lineage of animals leading towards the chordates (phoronids, brachiopods and all deuterostomes). In larvae belonging to nonsegmented spiralian protostomes, the serotonergic larval nervous system initially stops at the prototroch. In segmented protostomes, the serotonergic axons continue to the suboesophageal ganglion and caudally along the ventral midline (Hay-Schmidt 1995) . The suboesophageal position of the ventral (i.e. caudal) part of the central serotonergic nervous system of the annelid trochophore 1076 A. Hay-Schmidt The evolution of the serotonergic nervous system Proc. R. Soc. Lond. B (2000) normal orientation inverted orientation Figure 3 . Schematic of the serotonergic nervous system in a non-segmented spiralian larva (i.e. entoproct), a segmented spiralian larva (i.e. annelid) and a dipleurula larva (i.e. echinoderm). The larvae are shown in lateral view and the apical end (anterior) is upwards, the oral side (ventral side) is to the left and the dorsal side is to the right. The mouth has been aligned (green line). There is a normal dorsal^ventral orientation anterior to the mouth in all larvae, whereas the segmented spiralia has an inverted dorsal^ventral orientation posterior to the mouth compared with the dipleurula larva.
larva is important in that it is, by implication, not homologous to any part of the serotonergic nervous system found in the deuterostome lineage. That is not to say that the molecular components involved in axon guidance, cell structure and speci¢cation are also necessarily di¡erent between these two groups. With regard to the anterior part of the serotonergic system (i.e. the apical ganglion), it is also di¤cult to ¢nd any similarities between the two groups of organisms. It is therefore suggested here that the common ancestor for all of the phyla having a serotonergic larval nervous system of the spiralian trochophore larval type adopted a pair of serotonergic cell bodies in the apical ganglion from which the serotonergic nervous system developed more fully (¢gure 2). On the basis of the present study there is no sign of a complete shift in the dorso-ventral orientation of the deuterostomes (chordates) compared with protostomes (insects) as proposed by Arendt & Nu« bler-Jung (1999) . The dorso-ventral inversion seems more to be related to the orientation of the postoral part of the nervous system relative to the gastrointestinal tract (¢gure 3). A ventral nerve cord in the strict sense is found only in annelids and arthropods; more commonly, ventral ganglia are found innervating speci¢c muscle groups. In contrast, the brain in both protostomes and deuterostomes seems to be related to the apical ganglion and is always located dorsal to the gastrointestinal tract. This would imply that the dorsal^ventral orientation of the brain is congruent in protostomes and deuterostomes, whereas the ventral nerve cord found in annelids and arthropods will bè upside down' (i.e. inverted). The expression patterns of several genes within or in relation to the nervous system have been used to defend the dorsal^ventral inversion hypothesis. The midline marker ( fkh/HNF-3 ) is only expressed in the endoderm and/or blastophore lip in larval echinoderms (Harada et al. 1996) , as in Drosophila (Weigel et al. 1989) and Caenorhabditis (Azzaria et al. 1996) . Furthermore, in non-chordate deuterostomes the expression of this gene includes the whole of the blastophore lip in contrast to the polarized expression seen in tunicates (Corbo et al. 1997; Olsen & Je¡ery 1997 ) and other chordates. The expression patterns of the Brachyury (T) gene in non-chordate deuterostomes include both the posterior (blastophore) and anterior (secondary mouth) regions of the intestine (Peterson et al. 1999) . The putative functions of both fkh and Brachyury T in deuterostomes seem to be related to endoderm^ectoderm and endoderm^mesoderm separation, respectively (i.e. identity speci¢cation) as has been proposed for the protostomes (Weigel et al. 1989; Kispert et al. 1994; Azzaria et al. 1996) . From the present anatomical data on the embryonic and/or larval serotonergic nervous systems, the expression pattern for fkh cannot be used to deduce obvious homologies between the chordate and protostome (i.e. arthropod) nervous systems as proposed by Arendt & Nu« bler-Jung (1999) . Instead, the ability of the fkh gene to specify tissue identity was retained when the nervous system shifted from a truly epidermal position to a subepidermal position, whether due to delamination (protostomes) or invagination (chordates). In chordates the function of Brachyury T is likely to be separating the notochord from either the gastrointestinal tract and/or the neural tube (i.e. identity speci¢cation) (Yasuo & Satoh 1993) . Another example is the interaction of the short of gastrulation (sog)/chordin (chd) and decapentaplegic (dpp)/bone morphogene protein (BMP) seen in arthropods and chordates (Holley et al. 1995) . These genes are related to`dorsal^ventral' speci¢cation of the segments in segmented animals in which the new segment also needs to be speci¢ed along a dorsal^ventral axis. This system need not necessarily specify the dorsal^ventral axis relative to the mouth, but just an axis perpendicular to the longitudinal (antero-posterior) axis. Therefore, dorsal^ventral axis determination in segmented phyla is probably much more a consequence of where the apical ganglion extends its axons to establish the location of the nerve cord than of dorso-ventrality sensu stricto. The genetic programme responsible for the organization of the axis perpendicular to the anterior^posterior axis is Figure 4 . Schematic of the serotonergic nervous system in a dipleurula larva indicating the proposed relations between the apical ganglion and chordate neural tube. The left ¢gure shows serotonin immunoreactivity in the larva of P. ochraceus with the left part of the apical ganglion (ag) and the serotonin-immunoreactive processes coursing along the antero-dorsal ciliary band and stopping at the arrow. The right-hand ¢gure is a diagram of the same larva seen from the dorsal side. The relation between the apical ganglion and the chordate neural tube is indicated. The forebrain is anterior to the serotonergic cells of the apical ganglion, the midbrain/hindbrain is at the level of the serotonergic cells and the neural tube is caudal of the apical ganglion at the level of the antero-dorsal ciliary band. The arrow points towards the caudal termination of the serotonergic projection at this larval stage.
probably identical between protostomes and deuterostomes and represents a`deep homology' as proposed for limb development (Shubin et al. 1997) . The involvement of the blastophore lips in the speci¢cation of the dorsalv entral axis in chordates will have been required after the loss of the dipleurula larval stage as chordate and nonchordate deuterostomes diverged.
The segmented nature of the neural tube in chordates makes comparisons between the non-chordate deuterostomes and the chordates di¤cult. Nevertheless, the area rostral to the serotonergic part of the apical ganglion is presumably homologous with the forebrain^midbrain region of the chordate brain, while the serotonergic cell bodies would be midbrain^hindbrain homologues from which the spinal cord would extend caudally (¢gure 4). It seems most likely that neural segmentation has progressed in two directions, anterior and posterior from a starting point at the larval prosome^mesosome boundary, with Otx marking the anterior border and the anterior-most Hox genes the caudal border (Williams & Holland 1998; Wada et al. 1998) .
The present study demonstrates that there are two major types of larval serotonergic nervous system. The ¢rst, which is found in spiralian protostomes, has a ¢xed number of serotonergic neurons. The second, which is found in deuterostome-like invertebrates, has numerous serotonergic neurons in the apical ganglion. In consequence, since the embryonic and/or larval serotonergic system in chordates is very probably derived from a system resembling that found in deuterostome-like invertebrates, I would propose that the serotonergic raphe system of vertebrates can be traced back to the larval serotonergic system of the common ancestor of phoronids, brachiopods and chordates. In general terms, this study also supports the idea that the neural tube of vertebrates may be homologous to a part of the ciliary band (most probably the antero-dorsal part) of a dipleurula larva as proposed by Garstang (1894) , but provides no evidence of a dorsal^ventral inversion between protostomes and deuterostomes. 
